Abstract. microRNAs (miRNAs) may function as oncogenes or tumor-suppressor genes depending on the targets that are regulated. Enhancer of zeste homolog 2 (EZH2) is the target of miR-101 and a member of the polycomb repressive complex 2, which is involved in the methylation of histone H3 at lysine 27 (H3K27). Therefore, we aimed to ascertain whether or not the overexpression of miR-101 inhibits invasion of lung cancer through regulation of EZH2. In this study, the expression of miR-101 was down-regulated and the expression of EZH2 was up-regulated in lung cancer. Global methylation of H3K27 was higher in metastatic lung cancer than in early lung cancer lesions. Overexpression of miR-101 induced a marked reduction in EZH2 mRNA levels in several lung cancer cell lines. A reduction in the trimethyl H3K27 histone mark was detected at the CDH1 promoter in miR-101 precursor-transfected cells. Moreover, the expression of CDH1 and MMP-2 was reversed by miR-101 transfection. Therefore, the overexpression of miR-101 inhibits the invasiveness of lung cancer. miR-101 may be a potent tumor suppressor by altering chromatin structure through repression of EZH2 and may be a potential therapeutic tool for patients with lung cancer.
Introduction microRNAs (miRNAs) are non-coding, single-stranded RNAs that repress gene expression by interacting with messenger RNA (mRNA) by inhibiting mRNA translation or by inducing mRNA cleavage (1) (2) (3) . To date, more than 600 human miRNAs have been identified and up to 30% of all protein-coding genes are estimated to be regulated by miRNAs (4, 5) . Although the precise function of individual miRNAs has not been characterized, biochemical and genetic studies have revealed that miRNAs regulate a variety of biological processes, such as cell proliferation, apoptosis, development and differentiation. In addition, it has been reported that certain miRNAs are aberrantly expressed in human cancers, suggesting that miRNAs may function as oncogenes or tumor-suppressor genes depending on the targets that are regulated (6) (7) (8) (9) .
A subgroup of miRNAs control promoter methylation and chromatin structure by regulating DNA methyltransferases and histone modifiers. Enhancer of zeste homolog 2 (EZH2) is a member of the polycomb repressive complex 2, which is involved in the methylation of histone H3 at lysine 27 (H3K27). EZH2 contributes to the epigenetic silencing of target genes and regulates the biology of cancer cells. Overexpression of miR-101 inhibits EZH2 and has a strong influence on the phenotype of various cancers, including prostate, breast cancer and bladder transitional cell carcinoma. In addition, EZH2 has been identified as a target of miR-101 by the luciferase reporter assay (10, 11) .
In the present study, the differential expression of miR-101 and EZH2 in lung cancer and normal lung tissues was determined. We hypothesized that miR-101 has a role in lung cancer invasion. To test this hypothesis, a cell invasion assay was performed, and the expression of genes related to cancer invasion was determined.
Materials and methods
Cell lines. Lung cancer cells (A549, H522 and HCC1438) were maintained in RPMI-1640 medium (Gibco BRL, Rockville, microRNA-101 inhibits lung cancer invasion through the regulation of enhancer of zeste homolog 2 MD, USA) with 10% FBS and antibiotics (100 U/ml of penicillin and 100 mg/ml of streptomycin).
Tissues. miRNA precursor transfection. Cells were plated in 6-well plates at a density of 1.5x10 5 cells/well. The next day, cells were transfected with 50 nM Pre-miR™ miRNA Precursor (Ambion Inc., Austin, TX, USA) and Pre-miR™ miRNA Precursor-Negative Control #1 (Ambion Inc.) with Oligofectamine (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions.
Quantitative real-time PCR assay. Total RNA was isolated with TRIzol (Gibco-BRL, Glasgow, UK) according to the protocols of the manufacturer, and the first strand of cDNA was synthesized using the oligo (dT) primer system (SuperScript III First-Strand Synthesis System; Invitrogen). Aliquots of the reaction mixture were used for the qPCR amplification with the IQ5 system (Bio-Rad Laboratories, Hercules, CA, USA) using iQ SYBR Green Supermix (Bio-Rad). The PCR was run for 40 cycles of denaturation at 95˚C for 15 sec, annealing at 55˚C for 15 sec and elongation at 72˚C for 15 sec. Gene expression was quantified by the comparative CT method, by normalizing CT values to the housekeeping gene β-actin. After amplification, melting curve analysis was performed to ensure the specificity of the products.
TaqMan miRNA expression assay. qRT-PCR analysis for miRNAs was performed in duplicate with a TaqMan MicroRNA assay kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions, and RNU6B was used for normalization.
Western blot analysis. Cells were lysed in Pro-Prep protein extraction solution (INtRON Biotechnology, Gyeonnggi-do, Korea) 48 h after transfection. An equal amount of proteins was resolved by 8% SDS-PAGE gels (Laemmli, 1970) . The primary antibodies used for the analysis were mouse anti-EZH2 (1:1,000; BD Biosciences, San Jose, CA, USA) and mouse anti-β-actin antibodies (1:2,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Chromatin immunoprecipitation assay (ChIP).
ChIP was carried out using a kit purchased from Upstate Biotechnology (Charlottesville, VA, USA) according to the protocol recommended by the manufacturer. The trimethyl H3 (Lys-27) chip grade antibody was purchased from Abcam. The CDH1 gene was amplified by PCR from the immunoprecipitated chromatin using the following primers: sense, 5'-TAGAGGGTCACCGCGTCTAT-3' and antisense, 5'-TCACAGGTGCTTTGCAGTTC-3'. The PCR product was resolved on a 2% agarose gel and visualized using ethidium bromide staining and UV illumination.
Invasion assay. Invasion assays were performed in triplicate using 48-well microchemotaxis chambers with 8-µm pore membranes (Millipore, Bedford, MA, USA) pre-coated with 10 µg/ml Matrigel (BD Bioscience). The cells were plated in 6-well plates and treated with 5 µM 5'-azacytidine for 48 h. The bottom chamber was filled with 1% penicillin/ RPMI-1640, and the cells were then placed in the upper chamber. A549 cells containing 5 µM 5'-azacytidine were incubated at 37˚C for 24 h. The membranes were fixed and stained with Diff-Quik reagents (Dade Behring, Inc., Deerfield, IL, USA).
Statistical analysis. Statistical differences in the expression of miRNAs in cancer and normal lung tissues were analyzed using a non-parametric test (Mann-Whitney U test). Statistical differences in the expression of miRNAs in cell lines relative to the control were analyzed using the Student's t-test. Statistical significance of correlations between the global methylation of H3K27 and lung cancer invasion were analyzed by the Fisher extraction test. Statistical analysis was performed using SPSS 12.0 computer software (SPSS Inc., Chicago, IL, USA). A p-value <0.05 was considered to be statistically significant.
Results

miR-101 and EZH2 are inversely expressed in lung cancer tissue samples.
To analyze the expression of miR-101 and EZH2 in lung cancer, qRT-PCR analysis for miRNAs was performed with 17 matched normal lung and lung cancer tissues. miR-101 exhibited decreased expression in the lung cancer tissues compared to the normal lung tissues (p<0.001). In contrast, EZH2 exhibited increased expression in the lung cancer tissues compared to the normal lung tissues (p<0.001; Fig. 1A ). All cases of the 17 matched normal lung and lung cancer tissues exhibited a negative correlation (Fig. 1B) .
Global methylation of H3K27 was highly expressed in the metastatic lesions.
To determine the association of trimethylation of H3K27 (H3K27me3) with lung invasion, H3K27me3 was examined by IHC in 26 early lung cancer tissues without lymph node metastasis and 8 pleural metastatic tissues. H3K27me3 expression was significantly higher in the pleural metastatic lesions (87.5%) than in the early lung cancer lesions (42%) (p=0.042; Fig. 2 ).
EZH2, CDH1 and MMP-2 are regulated by miR-101 in lung cancer cells. To determine whether or not overexpression of miR-101 induces down-regulation of EZH2, qRT-PCR and
Western blotting were performed in A549, H522 and H1438 cells transfected with the miR (negative control) or miR-101 precursor. Overexpression of miR-101 induced a marked reduction in EZH2 mRNA and EZH2 protein (Fig. 3A) . To explore the possible regulation of invasion-related genes by miR-101 in lung cancer cells, the effect of miR-101 on the expression of CDH1 and MMP-2 in H1438 cells was analyzed. The overexpression of miR-101 had an inhibitory effect on the expression of the MMP-2 gene. In contrast, the expression of CDH1 was increased by overexpression of miR-101 (Fig. 3B) . Next, the trimethylation of H3K27 (H3K27me3) of the CDH promoter was examined using a ChIP assay. A reduction was found in the trimethyl H3K27 histone mark at the promoter of CDH1 in the cells transfected with the miR-101 precursor (Fig. 3C) .
miR-101 functions as an inhibitor of invasion in lung cancer.
To test whether or not miR-101 causes inhibition of invasion, a cell invasion assay was performed in A549 lung cancer cells. miR-101 inhibited the invasiveness of A549 cells (p<0.005; Fig. 4 ).
Discussion
Epigenetic alteration of genes is one of the central mechanisms involved in the development and progression of cancer, and includes hypermethylation of the CpG island on promoters and epigenetic modification states of histone. The global histone modification level predicts prognosis in various types of cancers (12) (13) (14) . EZH2, which plays a part in the trimethylation of H3K27, leads to the silencing of tumor-suppressor genes. EZH2 is frequently overexpressed in various cancers, including prostate and breast cancer, and is associated with aggressive forms of these cancers (15, 16) . In the present study, expression of H3K27me3 in the metastatic lung cancer tissues was higher than in early lung cancer. This finding suggests that EZH2 plays a role in the progression of lung cancer.
Invasion is the most lethal feature of cancer. The initial stages of tumor invasion are characterized by the disruption of cell-cell adhesion. CDH1 (E-cadherin) is involved in epithelial cell-cell communication and functions as a metastasis suppressor molecule (17, 18) . The cytoplasmic tails of cadherins bind to several cytoplasmic proteins, most notably β-catenin, a transcriptional cofactor in Wnt signaling (19) . Reduced E-cadherin expression is inversely correlated with lymph node stage and tumor differentiation in lung cancer (20) . Moreover, reduced expression of E-cadherin is associated with the prognosis of patients with non-small cell lung cancer (21, 22) . The process of invasion also requires a dynamic process, such as proteolysis. The degradation of extracellular membranes, which includes the basement membrane, is an early event in proteolysis. A subgroup of proteases, the matrix metalloproteinases (MMPs), a family of zinc-and calcium-dependent proteolytic enzymes, are essential for the breakdown of the basement membrane for metastatic spread (23, 24) . In particular, MMP-2 interacts with integrin αVβ3 and increases VEGF expression through PI3K/AKT signaling in A549 lung cancer cells (25) . Increased expression of MMP-2 promotes cell invasion and is a predictive biomarker for poor survival in non-small cell lung cancer (26) (27) (28) .
EZH2 is known to play a role in the regulation of CDH1 and MMP-2. Overexpression of EZH2 induces silencing of CDH1 via trimethylation of H3K27 in the CDH1 promoter. Notably, a 
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previous study showed that the expression of CDH1 and MMP-2 is inversely correlated (29) and CDH1 regulates the expression of MMP-2 (30, 31) . The transition from a non-invasive phenotype to an invasive phenotype requires reduced CDH1 and overexpression of MMPs (29, 31) . Our data suggest that EZH2 functions as the invasion mediator in lung cancer. Currently, miR-101 is considered a tumor-suppressive miRNA and has been reported to suppress cell proliferative and colony forming ability through EZH2 regulation in endometrial, bladder, liver, breast, prostate and gastric cancer (10, (32) (33) (34) . miR-101 has multiple predicted targets, such as Cox-2, Mcl-1 and FOS. These genes have been confirmed as targets of miR-101 by the luciferase reporter assay (32, 33, 35) . This evidence suggests that miR-101 modulates multiple steps, such as proliferation, adhesion and migration of tumor cells, in lung cancer.
In the present study, miR-101 was underexpressed and EZH2 was overexpressed in lung cancer. Substantial EZH2 suppression by miR-101 was observed at the mRNA and protein levels in lung cancer tissue samples. Moreover, overexpression of miR-101 in a lung cancer cell line altered the expression of CDH1 and MMP-2. Targeting tumor invasion and metastasis is an attractive strategy for the treatment of lung cancer. Therefore, these findings serve as an incentive for the further investigation of miR-101 as a therapeutic tool for lung cancer.
